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This paper describes the utilization of beam-driven plasma wakefield acceleration to implement a
high-quality plasma cathode via density-downramp injection in a short injector stage at the FLASH-
Forward facility at DESY. Electron beams with charge of up to 105 pC and energy spread of a few
percent were accelerated by a tunable effective accelerating field of up to 2.7 GV/m. The plasma
cathode was operated drift-free with very high injection efficiency. Sources of jitter, the emittance
and divergence of the resulting beam were investigated and modelled, as were strategies for perfor-
mance improvements that would further increase the wide-ranging applications for a plasma cathode
with the demonstrated operational stability.
I. introduction
Plasma wakes excited by charged particle beams [8,
29, 46] are capable of generating GV/m accelerating
gradients [47, 56]. This is 2–3 orders of magnitude
larger than conventional radio-frequency-based technolo-
gies, thereby promising a drastic reduction in both the
size and cost of particle-accelerator facilities. Such a de-
crease is of particular significance for future linear collid-
ers [10] and the provision of compact free-electron laser
(FEL) photon sources. The research field of beam-driven
plasma-wakefield accelerators (PWFA) is dynamic, with
advances ranging from the energy doubling of a 42 GeV
electron beam over less than a meter [5], to the controlled
correction of a correlated energy spread within a plasma
channel of tens of millimeters [13, 54, 62]. In particu-
lar, there has been significant progress in energy trans-
fer from the beam driving the wake (the drive beam)
to the trailing beam experiencing the accelerating field
(the witness beam) [9, 38, 39]. Witness beams can be
injected into the plasma wakefield either from an ex-
ternal source or internally by the trapping of ambient
plasma electrons. Research on external injection meth-
ods has predominantly concentrated on maximizing en-
ergy transfer from the drive to the witness beam while
preserving other beam parameters, such as emittance and
energy spread [30, 34]. Internal injection methods with
extremely high electric-field gradients (GV/m) have the
potential to generate beams with exceptionally high qual-
ity. As opposed to injecting a beam into an accelerat-
ing structure, in these methods, a relativistic electron
beam with much smaller phase space is formed directly
inside the accelerating structure. The predicted witness
beams have normalized transverse emittance values much
smaller than their drive beams and charges in the range
of tens to hundreds of picocoulombs with femtosecond
bunch durations [27, 33, 42]. Internal injection there-
fore offers the opportunity to generate a new class of
beams with significantly enhanced brightness in compar-
ison to conventional accelerator sources – an extremely
desirable feature for future photon sources and applica-
tions in high-energy physics. While a variety of com-
plementary internal injection methods have been shown
to work in principle [16, 45, 58], precise control over the
injection process, and consequently the injected witness-
beam parameters, has so far remained relatively unex-
plored. This paper describes experiments carried out at
FLASHForward [4, 12] – a dedicated plasma-wakefield
beamline adjacent to the FLASH facility [2], which oper-
ates with kiloampere-level beam currents and FEL-grade
stability and beam quality [50]. It reports on the exper-
imental demonstration of stable and controlled internal
injection in PWFA utilizing a laser induced density down-
ramp [6, 55, 60, 61] and demonstrates for the first time
a plasma cathode that can be reliably operated. The in-
jected bunch properties as a function of laser alignment
and laser energy are also explored.
II. Density Downramp injection
Generation of high-quality electron beams in a plasma
accelerator via internal injection requires the trapping of
electrons in the accelerating phase of the plasma wake.
These electron populations can originate from within the
wake through ionization injection [27, 28, 42, 58, 59]
or from plasma electrons forming the boundary of the
wake’s ion cavity [6, 57]. Trapping will occur when elec-
trons that enter the accelerating phase of the plasma
wake reach or exceed the phase velocity of the wake itself
(ve ≥ vφ). Therefore, electrons need either to enter the
wakefield at sufficiently high velocity or the potential of
the plasma wake needs to be deep enough to accelerate
these electrons to vφ. The velocity of the plasma elec-
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FIG. 1. Schematic layout depicting the key elements of the experimental setup at FLASHForward. (a) Laser and electron
beamline layout: P is the pick-off mirror for the transverse injection laser beam, SP1 and SP2 are spherical mirrors focusing the
longitudinal ionization laser and OAP is the off-axis parabola focusing the injection laser. The e-beam position monitors (BPM)
are shown; US-OTR and DS-OTR represent the upstream and downstream optical-transition-radiation screens, respectively.
These can be moved into the beam path as alignment diagnostics. Foci for the (b) ionization and (c) injection lasers on the
US-OTR are shown. A side view of the plasma density calculated in the injection region from (c) is displayed in (d) (normalized
to the background plasma density ne). Black lines in (d) and white lines in (b,c) are axial projections. (e) is the measured
current profile of the drive beam.
trons depends on the strength of the generated wakefield
which in turn is related to the drive beam and plasma
densities. In a plasma of constant density, ne, the phase
velocity is equal to the velocity of the relativistic drive
beam vd, i.e., close to that of light, c. Such a stringent
condition readily precludes trapping of electrons from the
plasma background unless the phase velocity can be lo-
cally reduced using a plasma-density gradient [20, 31, 55].
A plasma density that decreases along the direction of
propagation of the driver leads to a longitudinal expan-
sion of the plasma wake with a concurrently reduced
phase velocity of
vφ = vd
(
1
2ne
∂ne(z)
∂z
ξ + 1
)−1
, (1)
where ξ = z − ct is the longitudinal coordinate in the
co-moving frame, z is the longitudinal coordinate in the
laboratory frame and t is time. As illustrated by Eq. 1,
the phase velocity on a density downramp decreases to-
wards the back of the plasma wake, allowing fast plasma
electrons to rephase into the accelerating region, where
they eventually become trapped and can form a witness
beam. If trapping is avoided except on the density down-
ramp, the injection process can be controlled and density-
downramp injection characterised in detail.
Numerical studies with 3D particle-in-cell (PIC) codes
predict that density-downramp injection with a suffi-
ciently sharp gradient produces electron beams with
transverse normalized emittances below 1µm [26, 43, 63,
64]. Such sharp density downramps can be achieved ei-
ther hydrodynamically, as commonly used in laser-driven
plasma wakefield acceleration[21, 24, 49], or by ionization
of distinct gas species with two perpendicularly focused
laser arms [60, 61]; the latter is the approach pursued in
this work.
III. Experimental setup
The experimental setup at FLASHForward is de-
picted in Fig. 1. Electron beams with ∼ 800 pC of charge
reaching a mean energy of up to 1.25 GeV in the FLASH
linear accelerator were used to drive a wake inside a cap-
illary plasma source. The plasma was created by ion-
ization inside the capillary using two laser pulses – one
focused along the electron-beam axis, the other trans-
verse to it. Combined laser ionization thus formed a
sharp density spike surrounded by a plateau region. Spa-
tial alignment and synchronization were achieved with
screens sensitive to optical transition radiation (OTR)
and by measuring the plasma response due to beam-
induced heating.
3A. The plasma source
Constant-gas-flow capillaries have demonstrated excel-
lent performance in plasma accelerators [7, 24, 25], al-
lowing for tailored, short injector stages. For this ex-
periment, a constant-flow capillary with a total length
of 50 mm at a diameter of 1.5,mm with two gas inlets
was designed. The capillary incorporates an additional
access port with 300µm diameter, used to couple in the
transverse laser and located 20 mm downstream of the
entrance, leaving a total maximum acceleration length of
30 mm for the injected witness beam. Gas-flow simula-
tions performed with COMSOL Multiphysics [17] show
that the transverse port reduces the plateau gas density
by less than 2 % and therefore has a negligible effect on
the gas-density profile. Either pure argon, pure helium,
or an arbitrary ratio of the two gases could be prepared
in a mixing volume outside the central vacuum chamber
before filling the capillary. In the experiments described
in this work, the partial-pressure ratio between helium
and argon was set to 2:1. Turbomolecular pumps were
connected to the chamber to protect the beamline vac-
uum, reducing the ambient gas pressure by 3 to 4 orders
of magnitude with respect to the pressure inside the cap-
illary. A differential pumping system further reduced the
pressure by 3 orders of magnitude both upstream and
downstream of the central vacuum chamber. This design
ensured that the quality of neither the drive nor witness
beam was degraded by interfaces between vacuum cham-
bers and scattering on ambient gas particles.
B. Laser ionization
The gas mixture was ionized by two independently fo-
cused arms of a 25 TW Ti:sapphire laser system syn-
chronized to the FLASH electron beam at the 100-
femtosecond level [52]. A 0.5 ′ pick-off mirror inserted
into the laser path reflected the central part of the 34 mm-
diameter laser beam into the injection laser beamline. As
depicted in Fig. 1(a), the remaining part of the laser con-
tinued to propagate along the ionization laser arm.
A FWHM pulse duration of 40 ± 3 fs was measured
in the injection laser beamline using optimized spectral
properties for a short pulse at the injection laser fo-
cus. Focusing of the ionization laser was achieved by two
spherical mirrors with a resulting effective focal length of
18 m. Such a large effective focal length produced a focal
spot with a FWHM in the x, y-direction of (333×461)µm
(Fig. 1(b)). As a result, the Rayleigh range of the spot
approached the meter scale with an intensity profile ca-
pable of ionizing a plasma column sufficiently long and
wide enough to span the entire length of the capillary
whilst fully containing the plasma wake. An f/51 off-
axis parabola focused the injection laser perpendicular
to the electron beam axis through a fused silica window.
To minimize non-linear dispersion that can deteriorate
the quality of the focal spot or pulse length, the win-
dow thickness was chosen to be 1.5 mm only. Since the
gas profile at the transverse port was assumed to be flat,
the resulting plasma-density shape from ionization was
defined by the gas-mixture ratio and the injection-laser
focus with a FWHM spot size of (57× 48)µm as shown
in Fig. 1(c). Since the intensity of the injection laser was
set to be significantly higher than that of the ionization
laser, it could ionize more strongly bound electrons from
argon and helium via tunneling ionization. The result-
ing localized plasma-density spike, calculated from the
focus measurement with the ADK model [3], is shown
in Fig. 1(d). The intensities of the ionization and injec-
tion lasers were set such that the former ionized argon
up to its second level whilst the latter was capable of
additionally ionizing the third ionization level of argon
and the first of helium (see Table I). With such distinct
gas ionization, it was possible to control the shape of the
plasma, which initially followed the intensity distribution
of the laser foci and was subsequently expected to expand
hydrodynamically on the nanosecond timescale [18, 53].
Ion. level Ion. energy (eV) I(WADK=1 fs
−1) (W/cm2)
Ar-I 15.76 4.6× 1014
Ar-II 27.63 1.1× 1015
Ar-III 40.74 2.2× 1015
He-I 24.59 2.2× 1015
He-II 54.42 1.2× 1016
TABLE I. Relevant ionization energies [1] and the correspond-
ing laser intensities for a tunnel ionization rate [3] of 1 fs−1.
C. Alignment and synchronisation
The ionization laser, injection laser, electron beam and
capillary were required to be accurately spatially aligned.
Furthermore, the laser timing was required to be set such
that ionization occured shortly before the arrival of the
electron drive beam. In order to minimize moving parts
in the FLASH vacuum, the capillary and the upstream
and downstream OTRs were statically mounted on one
base plate and controlled in position and angle by a hexa-
pod inside a separate vacuum chamber via a mechanical
feedthrough [11]. Two aluminum-coated silica screens
were used to align the system by imaging the optical tran-
sition radiation from the passing electron beam and light
from the two lasers onto CCD cameras. These two ref-
erence points, 1.8 cm upstream of the capillary entrance
and 27.4 cm downstream of the capillary exit, allowed for
complete spatial overlap over the length of the plasma
stage between the plasma generated by the ionization
laser and the axis of the electron beam. The injection
laser was aligned to the y-position of the electron-beam
axis. The capillary was then moved such that each laser
propagated through the appropriate channel in the cap-
illary. Recent experimental results have shown that the
recombination light from the plasma after the passage of
an electron beam with currents of order kA can be used
to synchronize lasers to electron beams to within a few
femtoseconds [48]. This effect was used to synchronize
the two laser arms to the drive beam. For this measure-
ment, the plasma was ionized outside the capillary after
filling the plasma chamber with argon gas to 0.05 mbar.
Figure 2 shows the time-of-arrival (TOA) dependence of
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FIG. 2. Normalized integrated plasma-afterglow signal as a
function of the relative time of arrival (TOA) between the
drive beam and the ionization (Ion.) and injection (Inj.)
lasers; t = 0 is defined as the TOA of the electron beam.
Inset are examples of the signal enhancement due to electron-
beam-induced heating of the plasma formed by the ionization
laser.
plasma light collected by a CCD camera viewing from
the top for each of the laser arms; examples of camera
images are depicted as insets. The visible transitions in
Fig. 2 determine the time-of-arrival delay settings with
respect to the electron beam of 42 ps for the ionization
laser and 20 ps for the injection laser. Once the lasers
were set up, the hexapod was positioned to maximise
laser transmission through the capillary holes.
D. The electron drive beam
Downstream of the plasma, XQA quadrupoles [44] in
combination with a spectrometer dipole and LANEX
scintillating phosphor screens formed an imaging sys-
tem capable of profiling electron beams from a few MeV
to 2.4 GeV. Alternatively, the electron beam could be
transported to an X-band transverse deflecting struc-
ture [14, 19, 41] for precise longitudinal-phase-space char-
acterisation. The current profile of the drive beam, cal-
culated from such a measurement, is shown in Fig. 1(e).
Additionally, the longitudinal phase space of the drive
beam could be manipulated upstream of the plasma
chamber with an energy collimator located in the dis-
persive section of the beamline [51]. The charge and
position of the drive beam were measured at various
locations along the beamline by toroidal current trans-
formers (toroids) in combination with stripline and cav-
ity BPMs [36]. The charge of the internally injected
witness beam was determined in two independent ways:
by subtracting the charges determined by a BPM di-
rectly downstream and a toroid upstream of the inter-
action point with a resolution of 1 pC [37]; and from a
charge-calibrated phosphor screen in the electron spec-
trometer. A drive beam with a charge of (790 ± 4) pC
was accelerated to (1116 ± 6) MeV and compressed to
a peak current of 2.1 kA. The beam, with a trans-
verse root-mean-squared (rms) normalized emittance of
x,y = (14.0 × 5.3)µm, was focused at the entrance
of the capillary by four quadrupoles to a spot size of
σdx,y = 25.5±1.6µm × 17.1±0.8µm, as measured by a
transverse phase-space measurement using the combina-
a
b
FIG. 3. Simulation snapshot during the witness-beam accel-
eration: Cut through the plasma wake with electron densities
(a) of witness beam (top right-hand colorbar), drive-beam
(central colorbar), background plasma (bottom colorbar) and
longitudinal current profile (solid gray line). (b) Longitudinal
electric field as a central cut and an on-axis one-dimensional
projection (solid red line).
tion of two BPMs and a scan of the spectrometer object
plane [35]. The plateau plasma density was determined
to be 1.4+0.4−0.3 × 1016 cm−3 by comparing the measured
and simulated energy losses of the drive beam, where the
measured beam parameters, such as spot size, energy,
current distribution and emittance were used as inputs
to the simulation.
IV. Particle-In-Cell Simulations
The experiment was modeled with the 3D particle-
in-cell (PIC) simulation code OSIRIS [23]. The mod-
eled plasma-density distribution with a plateau density
of 1.4× 1016 cm−3 was derived from gas-density profiles,
simulated with COMSOL and tunneling ionization cal-
culations [3], based on the intensity distributions of the
laser foci. Additionally, numerical studies with the code
FBPIC [32] to model the pre-ionization showed that the
longitudinal plasma-density profile beyond an accelera-
tion length of 10 mm would develop a taper resulting
from ionization defocussing. Such a taper can lead to a
rephasing of the witness beam to lower accelerating fields.
However, in this work, the discussion is limited to the in-
jection process and the flat-top region; the longitudinal
plasma-density profile that optimizes the acceleration to
higher energies will be the subject of future work.
Simulations were conducted with a co-moving window
of (460 × 400 × 400)µm in (z, x, y) with (256 × 256 ×
256) cells. The drive-beam current profile, charge, and
spot size were modeled based on the measurements de-
scribed in Sec. III. The number of macro-particles per
cell (PPC) for the drive beam was 8. While the PPC
for the background plasma electrons was 1, the PPC was
increased to 8 in a radius of 100µm around the injection
laser focus to resolve the physics of the injection process
more accurately. The simulation case shown in this sec-
tion represents the measurements shown in Figs. 5-8 as
well as the working point marked in Fig. 9.
5The slice properties and longitudinal phase space of
the witness beam are shown in Fig. 4. The simulated
witness-beam charge is in excellent agreement with the
measured values discussed in Sec. V.
As described in Sec. V, the injection laser was posi-
tioned 23.5± 4.5µm off axis with respect to the electron
beam for the majority of the data taking. The simu-
lations show that such an offset leads to an increased
emittance in the y direction compared to sub-µm emit-
tance in x. In future experiments, this asymmetry can
be avoided with wider transverse foci, enabling sub-µm
emittance beams in both planes, as predicted for similar
parameters [43].
a
b
FIG. 4. Longitudinal phase space of the simulated witness-
beam parameter (a) and slice parameters (b) after 10.32 mm
of acceleration.
Figure 4 shows that the simulated witness beam has a
strongly correlated energy spread. While relatively large
energy spread is a characteristic but undesirable prop-
erty of electron beams from many plasma accelerators, a
linearly correlated longitudinal phase space such as that
shown in Fig. 4(a) can be corrected for in a downstream
plasma dechirper stage [13, 22, 54, 62] or by overloading
the plasma wake with additionally injected charge [40].
V. Experimental Results
A. Laser-controlled injection
The first investigation explored how the witness beams
depended on the presence of the injection laser. This
is shown in Fig. 5. Panel (a) depicts the energy spec-
trum of the witness beam over 500 consecutive shots at
a spectrometer imaging energy of 45 MeV, while the cor-
responding excess-charge values are plotted in panel (b).
The injection laser was blocked and unblocked for 100
shots at a time. There is a 100% correlation between the
existence of a witness beam and the presence of the injec-
tion laser, with no entries being outside the range of the
plot. The excess charge was Qon = 32.1 ± 9.6 pC when
the injection laser was switched on and Qoff = 0 ± 5 pC
otherwise. The injection process is therefore unambigu-
ously triggered by the injection laser. Furthermore, the
data confirm that there is no contribution from the ion-
ization laser, in agreement with the PIC simulations (see
Sec. IV), so that downramp injection is established as the
sole mechanism for witness-beam generation.
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FIG. 5. (a) Energy spectra and (b) charge of the injected
witness beam. The injection is switched off by inserting a
beam block inside the injection-laser path for shot numbers
101–200 and 301–400. The mean value for each group of 100
shots is indicated by a solid line, while the rms variation of
charge values is shown by a shaded area.
B. Stability of witness-beam parameters
A dataset of 1,885 consecutive shots taken at a repeti-
tion rate of 2 Hz and recorded over a time span of approx-
imately 15 minutes was used to explore the reliability of
the plasma cathode. A waterfall plot of the projected
witness-beam energy spectra is shown in Fig. 6(a). The
spectra are remarkably stable. Fig. 6(b) shows the evo-
lution of the mean energy and rms energy spread. An
injected witness beam was measured for (95.4± 2.5)% of
the shots presented in Fig. 6(a). The witness beam had a
mean charge of 33±10 pC and mean energy of 45±5 MeV
with an rms relative energy spread of 〈 δEE 〉 = 4.4 %.
C. Witness-beam emittance and divergence
In the absence of focusing forces, a witness beam with
a mean Lorentz factor 〈γ〉, transverse normalized emit-
tance εnx , and a beta function β
∗ at its virtual source
point s0 will expand outside the plasma such that it has
a transverse rms beam size of
σx(s) =
√
εnx
〈γ〉
(
β∗ +
(s− s0)2
β∗
)
. (2)
at longitudinal position s.
Due to the stability of the injection process, this
free-space propagation can be examined in a multi-shot
measurement by imaging witness beams from different
object-plane positions, s. Figure 7(a) shows the results
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FIG. 6. (a) Waterfall plot of the witness-beam spectrum for
1,885 consecutive shots. (b) The electron-beam mean en-
ergy (blue) and rms energy spread (red). (c) Histogram of
the witness-beam charge, measured from the calibrated spec-
trometer screen with a double-Gaussian fit shown in red. (d)
Histogram of the witness beam mean energy. Each histogram
has 50 bins.
of a scan of the quadrupole focusing strength of the imag-
ing spectrometer, giving transverse beam size at the cor-
responding object plane, which gives information about
the transverse expansion of the beam. Fitting Eq. 2 to
the data gives a divergence of θ = 0.65 ± 0.01 mrad,
s0 = 381± 6 mm, and a transverse rms normalized emit-
tance projected over all shots of εnx = 9.3± 0.3µm. The
fact that s0 appears to be downstream of the capillary
exit is probably an effect of the gas-density transition
between the exit of the capillary and the vacuum of the
plasma chamber. According to hydrodynamic simula-
tions, gas-density ramps with atomic densities of order
1014 cm−3 can extend over tens of centimeters. This gas
would be ionized by the ionization laser due to its long
Rayleigh length. Plasma wakes driven in such a low-
density plasma would continue to focus the witness beam
for several centimeters beyond the capillary, possibly ex-
plaining the particularly low divergence.
An example of the witness-beam signal measured on
the spectrometer screen is shown in Fig. 7(b). Since
the longitudinal phase space of a witness beam in a
plasma accelerator is typically predominantly linear (see
Sec. IV), the visible oscillatory structure can be inter-
preted as transverse centroid oscillations of longitudinal
witness-beam slices. This is likely to contribute to the rel-
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FIG. 7. (a) Scan of the imaging quadrupole focusing strength.
Each data point represents a single shot with an injected wit-
ness beam. Transverse beam sizes on the spectrometer screen
and mean Lorentz factor 〈γ〉 were calculated from the spec-
trometer signal. From the quadrupole strength and 〈γ〉, the
object plane s and the magnification were calculated to ex-
tract σx(s) at the corresponding object plane. Error bars
on σx and s were calculated analogously based on the rms-
variation of the witness-beam spectral projection. The exit of
the capillary is at s = 0. Object planes in the range between
s = 0.2 m – 5.9 m lie too close to the quadrupoles (shown as
gray lines) to be imaged.(b) An example of a witness-beam
signal as measured on the spectrometer screen.
atively high measured emittance compared to predicted
values from numerical studies.
D. Influence of laser energy on the plasma cathode
Understanding the influences on the witness-beam
characteristics is of primary importance in controlling the
injection process whilst optimising its stability, a prereq-
uisite for a reliable electron-beam source. As the plasma
is laser ionized, variations in laser-pulse properties are
important. No dependence of the charge or energy of
the witness beam on laser timing was detected up to at
least ≈ 200 ps relative time-of-arrival between the drive-
beam and the laser pulses. The ionization and the in-
jection laser arms were derived from the same laser sys-
tem, so the inherent laser-energy jitter may affect both
the longitudinal and transverse laser ionization and thus
the shape of both plasmas. The effect of the laser en-
ergy stability on the witness-beam energy was studied
by examining the dataset of 1,885 consecutive shots on
which Fig. 6 was based. The variation of mean witness-
beam energy as a function of on-target laser energy is
plotted in Fig. 8(a). The observed linear correlation
shows that the witness-beam energy jitter will depend
on the stability of the laser energy. This relationship
is illustrated more clearly by systematically varying the
injection-laser energy over a much larger range, between
45 mJ and 86 mJ. The data is shown in Fig. 8(b). In
the fit, a model is used which is based on the fact that
higher plasma densities lead to higher accelerating fields
and consequently to higher witness-beam energies. Since
the plasma-density changes are relatively small in this en-
ergy range, the accelerating field acting upon the witness
beam Eacc was assumed to be proportional to the wave-
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FIG. 8. (a) Correlation between witness beam energy and
total laser energy for the dataset shown in Fig. 6(a). The
line is the result of a straight-line fit to the data points. (b)
Results from a laser energy scan, highlighting the variation of
witness-beam energy with on-target laser energy. The solid
line is a fit based on the model of Eq. 3; the gray area marks
the uncertainty of the model caused by the pulse-length jitter.
breaking field EWB = c
√
neme
0
[15]. The witness-beam
energy E = eLaccEacc can be parametrized as
E = ηeLaccEWB = ηeLaccc
√
me
0
[ne(Ulaser) + noffset],
(3)
where Ulaser is the on-target laser energy, η is a constant
adjusting for deviations in effective acceleration length
and deviations from acceleration at wave-breaking field-
strength and noffset describes an offset in effective average
plasma density. The values of ne(Ulaser) were calculated
numerically using the ADK model [3], assuming that the
laser pulse length and spot size were constant inside the
plasma.
The success of this model is illustrated in Fig. 8(b),
showing that the change in the mean energy of the wit-
ness beam with the total laser energy can be understood
as an increase in the average plasma density due to addi-
tional Ar-II ionization at higher laser energies. The fit to
the data results in noffset = −(65.5±1.7)×1014 cm−3 and
η = 0.206±0.002, indicating that the witness beam expe-
riences a lower average plasma density than expected for
a uniform longitudinal plasma profile and acceleration at
a non-ideal phase or reduced acceleration length. These
findings can be explained, for example, with a tapered
longitudinal profile caused by ionization defocussing as
discussed in Section IV.
The laser rms energy jitter was measured to be 1.5 %.
The slope extracted from the model described above
translates this into an rms energy jitter of the witness
beam of 3.9 %. This is sufficiently small that the acceler-
ating field can be fine-tuned between 1.3 and 2.7 GV/m
by varying the laser energy. Control can be improved fur-
ther by either designing laser systems with lower energy
jitter or by using different gas mixtures. For example, if
the argon in the gas mixture were to be replaced with
hydrogen, the ionization stemming from the ionization
laser can saturate, reducing the sensitivity to the laser
energy.
E. Influence of the injection laser position on the
plasma cathode
That precise alignment between the two laser arms and
the electron beam is crucial to stable injection can be
seen in Fig. 9, which shows the effect on the injected wit-
ness charge of changing the height of the injection laser
with respect to the electron-beam axis. The height was
changed by moving the optical assembly of the injection
laser in the y-direction along the laser-beam path such
that the alignment with respect to the off-axis parabola
remained unchanged. The relative calibration between
focus position and motor position was carried out with
the upstream OTR camera.
Every data point plotted in Fig. 9 represents the av-
erage of 20 events; the error on the measured charge is
given by the rms variation of the witness-beam charge.
The positioning error bar, σe,injy = 4.5µm, was con-
stant throughout the dataset and was calculated from
two main contributions: the rms y-position jitter of the
electron beam at the injection position, σey = 1.4µm,
measured by two cavity BPMs [36] around the plasma
chamber; and the rms variation of the laser centroid y
position, σinjy = 4.2µm, measured at the focus. The in-
fluence of the jitter on the z position of the injection
laser, σinjz = 3.4µm was neglected, as it led to a difference
in longitudinal injection position that made a negligible
contribution to the witness-beam energy jitter. Further-
more, the x-position jitter of the electron-beam waist,
σex = 1.0µm was also assumed to have a negligible effect,
since it was much smaller than the Rayleigh length of
the injection-laser focus. The scan was only performed
on one side of the injection-laser position distribution. A
comparison between the experimental data and a simu-
lated offset scan is plotted in Fig. 9, based on the mea-
sured plasma profile (see Fig. 1(d)). In this Figure, zero
is at the highest simulated injected charge. Since the
relative offset between the electron beam and injection
laser was not measured to sub-spot-size accuracy, it was
determined by fitting the simulation-based model to the
data. The data presented in Figs. 5 - 8 were taken at
the point indicated in Fig. 9 as the “work. point”, which
shows lower sensitivity to the relative alignment than the
experimentally determined position of maximum charge
at y = −22.5±4.5µm. The slope of the simulation-based
model gives an estimate of the charge variation resulting
from position jitter, δQwit.(σ
e,inj
y ) = 6.9 pC The charge
variation in the witness bunch can be explained predom-
inantly by the position jitter between the electron beam
and the injection laser, which is known to be dominated
by the laser pointing jitter. This jitter would be elimi-
nated by using an injection laser with a spot size that is
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FIG. 9. Effect of centroid laser-spot positioning with respect
to the electron beam. The laser position was measured on
the upstream OTR camera and the charge on the electron
spectrometer screen (points with error bars). Results are
compared to simulation results, shown as squares (for details
see Sec. IV), with the plasma profile modeled as shown in
Fig. 1(d). The working point for the data presented in this
paper is indicated by the half-filled circle.
many times wider than the plasma wake. Such a shape
can be produced with focusing optics that produce asym-
metric foci, such as cylindrical lenses.
VI. Summary
A plasma cathode with stability at a level unprece-
dented in the field of beam-driven plasma injectors has
been demonstrated, studied, and operated reliably. Ef-
fective accelerating gradients of GV/m were demon-
strated, tunable in the range of 1.3 – 2.7 GV/m. The
stability allowed a multi-shot measurement of the beam-
divergence and emittance to be performed. Sources of
charge and energy jitter were identified and mitigation
strategies were proposed for future applications. Particle-
in-cell simulations gave good agreement with the ob-
served witness-beam parameters. These indicate that
the requirements for future compact FELs of sub-micron
emittances in both planes, peak currents of a few hun-
dred amperes and narrow energy spread can be attained
using the methods described in this paper. These results
constitute a significant step towards stable, controllable
plasma-based cathodes and brightness converter stages,
which are of great interest for next-generation photon-
science and particle-physics facilities.
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